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It is widely accepted that anti-apop- 
totic Bcl-2 family members promote 
cancer cell survival by binding to their 
pro-apoptotic counterparts, thereby 
preventing mitochondrial outer mem- 
brane permeabilization (MOMP) and 
cytotoxic caspase activation. Yet, these 
proteins do not only function as guard- 
ians of mitochondrial permeability, 
preserving it, and maintaining cell 
survival in the face of acute or chronic 
stress, they also regulate non-apoptotic 
functions of caspases and biological 
processes beyond MOMP from diverse 
subcellular localizations and in complex 
with numerous binding partners out- 
side of the Bcl-2 family. In particular, 
some of the non-canonical effects and 
functions of Bcl-2 homologs lead to an 
interplay with E2F-1, NFkB, and Myc 
transcriptional pathways, which them- 
selves influence cancer cell growth and 
survival. We thus propose that, by feed- 
back loops that we currently have only 
hints of, Bcl-2 proteins may act as rul- 
ers of survival signaling, predetermin- 
ing the apoptotic threshold that they 
also directly scaffold. This underscores 
the robustness of the control exerted 
by Bcl-2 homologs over cancer cell sur- 
vival, and implies that small molecules 
compounds currently used in the clinic 
to inhibit their mitochondrial activity 
may be not always be fully efficient to 
override this control. 



Canonical Function of Bcl-2 
Homologs: Direct Inhibition 
of "Death by MOMP" 

Apoptosis is a form of cell death that 
relies on the activation of executioner 
caspases (such as caspase 3) downstream 
of 2 interconnected signaling pathways. 
The "extrinsic pathway" is initiated when 
death ligands engage receptors of the 
TNFR family and promote activation 
of initiator caspases upstream of the 
executioner ones. The "intrinsic pathway" 
(or mitochondrial pathway) is triggered 
by internal stress signals (in addition to 
these induced by death receptors) that 
lead to mitochondrial outer membrane 
permeabilization (MOMP, characterized 
by the release of proteins such as 
cytochrome c from the mitochondrial 
intermembrane space) and subsequent 
activation of executioners caspases as the 
result of the formation of the apoptosome, 
a multi-protein complex encompassing the 
adaptor protein Apaf-1. 1 

MOMP is critically regulated by 
members of the Bcl-2 family. This family 
is composed of pro- and anti-apoptotic 
proteins sharing at least one Bcl-2 
homology (BH) domain in common 
with Bcl-2 (Fig. 1), and the balance 
between the antagonistic activities of 
these proteins determines MOMP and cell 
death decisions. This balance is frequently 
tipped toward survival in cancer cells, 
and switching it back by interfering with 
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the survival function (s) of Bcl-2 family 
members is a highly promising anticancer 
approach. 2 There is thus a need to 
understand how Bcl-2 homologs regulate 
survival, and how shrewd inhibition of 
their activities promotes cell death on a 
mechanistic level. 

There is considerable evidence that the 
main mechanism through which anti- 
apoptotic proteins (herein after named 
Bcl-2 homologs, of which Bcl-2, Bcl-xL, 
and Mcl-1 are the best-studied members) 
promote survival is by interacting with 
their proapoptotic counterparts. Pro- 
apoptotic BH3-only proteins act as 
sensors of death signals, and they integrate 
them into the activation of pro-apoptotic 
multidomain proteins (that harbor BH1, 2, 
and 3) such as Bax and Bale, which triggers 
MOMP by inserting into mitochondrial 
membranes. Anti-apoptotic proteins 
directly inhibit MOMP by preventing 
Bax/Bak activation and activity, due to 
the ability of a hydrophobic groove formed 
at their surface by their BH1, BH2, and 
BH3 domains to bind to the BH3-domain 
of pro-apoptotic proteins. 2 

In most cases, BH3 dependent 
complexes localize at mitochondrial 
membranes. It is thus conceived that 
Bcl-2 and its homologs are anti-apoptotic 



proteins because they maintain survival 
as "mitochondrial proteins that bind to 
BH3 domains" (a phrase which defines 
their canonical function), and that, 
reciprocally, inhibition of their BH3 
binding activity triggers a all-or-nothing 
cell death response downstream of MOMP 
(Fig. 1A). Very good evidence supports 
this view. The occupation state of Bcl-2 
homologs by pro-apoptotic counterparts 
at the mitochondrial membrane of cancer 
cells correlates with their sensitivity to a 
variety of pro-apoptotic stimuli. Assessing 
this occupation state by measuring 
MOMP in response to an array of distinct 
BH3 peptides (that inhibit specific anti/ 
pro-apoptotic interactions and/or activate 
Bax/Bak directly) by a BH3-profiling 
assay allows evaluation of the reliance of 
cancer cells on specific Bcl-2 homologs for 
survival, measurement of their apoptotic 
threshold, and prediction of their response 
to therapy. 3,4 Moreover, small-molecule 
inhibitors of the BH3 binding activity of 
Bcl-2, Bcl-xL, and Mcl-1 (BH3-mimetics 
such as ABT-199, which inhibits Bcl-2; 
WEHI-539, which inhibits Bcl-xL; ABT- 
737 and ABT-263, which dually inhibit 
Bcl-2 and Bcl-xL; and MIM-1, which 
inhibits Mcl-1) have been reported (see 
ref. 2 for a review). When added to cells 



that are dependent on their target (s) 
for survival, these compounds trigger 
MOMP-dependent death by on-target 
effects. Yet, numerous data, as exposed 
below, indicate that the biological effects 
of Bcl-2 homologs extend beyond their 
regulation of BH3-dependent, MOMP- 
induced cell death. In particular, some of 
the non-canonical effects and functions of 
Bcl-2 homologs lead them to interplay with 
E2F-1, NFkB, and Myc transcriptional 
pathways through which Bcl-2 homologs 
exert feedback control over cancer cell 
growth and survival. 

Beyond the Regulation 
of Apoptotic Mitochondrial 
Permeabilization: General Rules 
for Non-Canonical Functions 

The generally accepted (and most likely 
veracious) view of regulation of survival 
by Bcl-2 homologs needs to be refined on 
some aspects. There is increasing evidence 
that Bcl-2 homologs do not only localize 
to mitochondrial outer membranes, 
and that they modulate numerous non- 
apoptotic processes that involve caspases 
and/or direct interactions with proteins 
that do not belong to the Bcl-2 family 
(Fig. IB). 
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Figure 1. Regulation of transcriptional pathways as an output of non-canonical effects and functions of Bcl-2 homologs. (A) Bcl-2 homologs (Bcl-2 horn.) 
exert their well recognized, canonical anti-apoptotic function by preventing BH3 only protein activation of multidomain proteins (such as Bax), and 
subsequent MOMP and induction of cell death following caspase activation. These proteins also exert other biological effects (B), due to non-apoptotic 
effects of caspase activity, and/or regulation, among others, of mitochondrial calcium uptake and bioenergetics, ER calcium dynamics, autophagy, or 
DNA repair by pools of proteins that localize at distinct subcellular compartments and that interact with numerous factors (BF, binding factors). Some 
of these non-canonical effects allow Bcl-2 homologs to regulate transcriptional activities that themselves impact on survivial signaling, enforcing the 
control exerted by Bcl-2 homologs over cell death. 
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Caspase activation downstream of 
MOMP does not always kill 

The first, and presumably less intuitive, 
aspect is that features of mitochondrial 
permeabilization may not implacably lead 
to cell demise. MOMP implies a series of 
steps that range from alterations of outer 
membrane permeability, actual release 
of proteins in the cytosol, and activation 
of the apoptosome. Each of these steps 
may be reached without the cell being 
committed to die, as long as metabolic 
pathways are not irreversibly altered below 
a critical threshold. 1 Tait, Green, and 
colleagues showed that subpopulations of 
mitochondria may not undergo MOMP 
in a cell receiving apoptotic stimuli. 5 
Importantly, inhibition of caspases 
contributes to the lack of a complete 
MOMP, which itself correlates with 
long-term survival. Thus, a first wave of 
partial mitochondrial "damage" may lead 
to caspase activation, which will itself kill 
cells only when more mitochondria have 
undergone permeabilization. By inference, 
caspases may regulate biological processes 
beyond cell death itself in a mammalian 
cell that is not committed to die (Fig. IB). 

There is evidence that independently 
from induction of apoptosis, low levels of 
caspase 3 activity, for instance, regulate 
T and B cell homeostasis, cell motility, 
diverse differentiations processes, 
and even lead to the activation of the 
survival kinase Akt (ref. 6 and references 
therein). The data of Tait, Green, and 
colleagues raise the possibility that such 
functions may be triggered downstream 
of inhibition of Bcl-2 homologs, and/or of 
a partial MOMP. Recent reports by Kraft 
and colleagues and by our own laboratory 
bring support to this view. Song, Kraft 
and colleagues showed that treatment 
with ABT-737 of cells that are resistant to 
induction of cell death by the compound 
lead to the induction of senescence 
instead. 7 This phenotype of senescence 
resulted from low level of caspase activity 
that was insufficient to kill the cells but 
that triggered DNA damage (and NFkB 
activity as discussed below). As reactive 
oxygen species (ROS) were shown to 
contribute to caspase activation under these 
conditions, mild mitochondrial damage 
might play a role, even if the involvement 
of a partial MOMP, and the contribution 



of the apoptosome, in this process of 
caspase activation was not directly 
established. Moreover, we ourselves 
recently demonstrated that caspase- 
dependent transcriptional induction of 
the BH3-only protein Noxa (by E2F-1 as 
discussed below) in response to ABT-737 
accounted for the delayed induction of 
cell death by the compound. 8 Induction of 
such a transcriptional program relied on 
an on-target effect of ABT-737, as it was 
recapitulated by the knockdown of both 
Bcl-2 and Bcl-xL. This process was Bax- 
dependent, strongly suggesting (if not 
demonstrating) that it might ensue from 
MOMP. Taken together, these data imply 
that an elaborate, caspase-dependent cell 
response may be triggered by inhibition of 
some Bcl-2 homologs in response to acute 
stress, or when BH3 mimetics are used 
in a clinical setting. It is still uncertain 
whether such a caspase-induced response 
is constitutively active under physiological 
conditions (in the absence of overt stress), 
and if increasing levels of Bcl-2 homologs 
(as happens in cancer cells) would shut it 
down. 

Bcl-2 proteins regulate more than 
MOMP 

Bcl-2 homologs do not only regulate 
apoptotic mitochondrial permeabilization, 
but other cellular functions. The best 
example is the regulation of intracellular 
calcium homeostasis by Bcl-2 proteins, 
which has expected consequences on many 
processes relying on calcium-dependent 
proteins, such as lymphocyte activation, 
embryonic development, neural plasticity, 
cell migration, or cell invasion. 9 This 
might account for the effects of Bcl-2 
proteins on the transcriptional activity of 
NFAT, which is regulated by the calcium- 
dependent phosphatase calcineurin. 10 The 
regulation by Bcl-2 homologs of calcium 
homeostasis result from complex and 
interdependent effects on mitochondrial 
calcium uptake and on calcium exchange 
at the ER membranes' 1 ' 1 1 via the regulations 
of (among others) VDAC1 (a porin that 
exchanges metabolites and ATP between 
cytosol and mitochondria and Ca 2t ions 
entry from ER into the mitochondria); 
the mitochondrial Na + /Ca2 + exchanger; 
the sarco/ER Ca 2t -ATPase (SERCA); 
the inositol 1,4,5-trisphosphate receptor 
(IP3R) and IP3 induced calcium release 



(IICR); Bax inhibitor 1 (an ER-localized 
protein thought to control ER calcium 
homeostasis by its H + /Ca 2+ antiporter 
activity) 9 ' 12 ' 13 (Fig. IB). 

Bcl-2 homologs may exert a general 
effect on bioenergetics by regulating 
constitutive IP3R-dependent calcium 
exchanges between the ER and the 
mitochondria 11 that are essential for the 
production of ATP through oxidative 
phosphorylation. 14 Yet they may also 
regulate bioenergetics independently from 
calcium homeostasis. Bcl-xL prevents 
Bad from exerting metabolic functions 
as part of a mitochondrial multiprotein 
complex involving active glucokinase. 15 
By modulating VDAC opening, Bcl-xL 
may promote the exchange of metabolites, 
including ADP, across the outer membrane. 
Even more directly, Bcl-xL might increase 
the activity of the inner membrane FIFO 
ATP synthase, thereby stabilizing the 
inner membrane potential and optimizing 
mitochondrial ATP production, an effect 
it shares with Mcl-1. 16 " 18 Global analysis 
of the metabolic effects of Bcl-xL, by 
NMR and mass spectrometry, identified a 
reduction of intracellular levels of acetyl- 
Coa, and of glucose-derived citrate in Bcl- 
xL-overexpressing cells. The reason for this 
decrease is unknown, but it may owe to 
modifications of mitochondrial membrane 
permeability and is independent of Bax/ 
Bak. As acetyl-coA is required for protein 
acetylation, including N-ct-acetylation, 
Bcl-xL may, by this effect, influence the 
post-translational modifications of a large 
number of cellular proteins, including 
that of caspases 2, 3, and 9. 19 

Bcl-2 homologs also influence catabolic 
pathways that rely on autophagy. As they 
prevent Beclin from contributing to the 
formation of a multicomplex that controls 
class III PI3K activity, they interfere with 
the induction of autophagy by numerous 
stresses. 20 Moreover, they might also 
regulate autophagy as a consequence of 
their ability to control ER/mitochondrial 
exchanges, since suppressing these 
exchanges causes the activation of AMP- 
activated kinase (AMPK) and subsequent 
induction of autophagy. 14 Reduction of 
mTOR signaling downstream of activated 
AMPK may have important consequences 
on protein expression profiles and on 
Bcl-2 family members themselves: Mcl-1 
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expression is exquisitely sensitive to 
changes in cap-dependent translation 
downstream of mTOR activity. 21 

Bcl-2 proteins do not interact with 
mitochondrial membranes only 

Some of the effects described above 
are exerted by pools of Bcl-2 that are 
not localized at the mitochondrial outer 
membrane (Fig. IB). Bcl-2 homologs 
carry an hydrophobic C-terminal end 
that, when exposed (otherwise, Bcl-2 
proteins remain in the cytosol), functions 
as a membrane anchor and allows 
insertion within subcellular membranes, 
such as outer mitochondrial membranes, 
but also ER or perinuclear membranes. 22 
Regulation of Beclin, SERCA, and 
IP3R activities is understood to be 
exerted by Bcl-2 proteins that localize 
at the ER. In fact, localization of Bcl-2 
proteins at the mitochondria-associated 
ER membranes (MAMs) would seem 
logical, as these structures that physically 
link mitochondria and ER are involved 
in calcium exchanges between the 2 
organelles and contain interorganellar 
multi-protein complexes that precisely 
involve, among other proteins, IP3Rs, and 
VDACs. 23 

Proper translocation of Bcl-2 and 
Bcl-xL appears to result from the activity 
of molecular chaperones, such as the 
inherent calcineurin inhibitor FKBP38, 24 
whose absence results in Bcl-2/Bcl-xL 
mislocalization and affects cell survival. 25 
It has been suggested that, when free from 
FKBP38, Bcl-2 is redirected to the nuclear 
membrane and blocks transcription factors 
transport into the nucleus. 26,27 This would 
predict a general decrease in transcriptional 
activities when Bcl-2 accumulates at the 
nuclear membranes, which has not been 
confirmed experimentally in subsequent 
studies. 

Other, more intriguing, subcellular 
localizations of Bcl-2 proteins have been 
reported. The regulation of FIFO ATP 
synthase activity has been ascribed to 
pools of Bcl-xL and Mcl-1 residing inside 
mitochondria. Matrix localization of 
Mcl-1 might be due to the presence of a 
mitochondrial targeting sequence at its 
N-terminal end, 18 but the mechanisms 
that would allow Bcl-xL to share this 
localization remain elusive. The presence 
of Bcl-2 proteins inside the nucleus has 



also been reported (see below). This would 
involve specific interactions with nuclear- 
targeted cofactors, as Bcl-2 homologs do 
not, to the best of our knowledge, express 
a nuclear localization signal themselves. 

Bcl-2 proteins do not interact with 
proapoptotic Bcl-2 family members only 

Bcl-2 proteins not only have various 
subcellular localizations, but also diverse 
binding partners outside of the Bcl-2 
family. Interactions of Bcl-2 and Bcl-xL 
with long lists of proteins have been 
documented, 28 even though it should 
be noted that these interactions have 
not always been validated by multiple 
groups, and that analogous interactions 
with homologs such as Bcl-w, Mcl-1, 
or Bfl-1 have not been systematically 
investigated. Many of these interactions 
have been studied on the basis of their 
effects on Bcl-2 homologs, modulating 
their subcellular localization, and/ 
or their canonical functions by post- 
translational modifications, including 
protease cleavage, phosphorylation/ 
dephopshorylation, ubiquitinylation (a 
critical regulatory step for Mcl-1 which is 
a very labile protein), and conformational 
changes in the ternary structure of the 
proteins. Some of them, however, account 
for non-canonical effects of Bcl-2 proteins, 
in that they reciprocally impact on the 
function of the binding partner (Fig. IB). 
With the exception of the regulation of 
mitochondrial glucokinase activity (which 
occurs via binding to the BH3-only 
protein Bad), most of the effects reported 
in the paragraph above might ensue 
from reverse regulation of their binding 
partners by Bcl-2. 

The question of the binding interface (s) 
involved under these situations is apposite 
as it is critical to understand whether 
such reverse regulations compete with 
canonical regulation of apoptosis by Bcl-2 
proteins, whether they can be modulated 
by BH3 mimetics used in the clinic, or 
whether they occur independently from 
the BH3 binding activity of Bcl-2 proteins. 
Interaction with Beclin relies on a domain 
within this protein that has clearly been 
validated as a BH3 domain. 20 This 
feature might extend to the interaction 
with the cell cycle checkpoint protein 
Rad9. Likewise, Bcl-xL's effect on IP3R 
sensitization to IP3 was suggested to result 



from its binding to the C-terminal end of 
IP3R, a region that displays motifs similar 
to that a BH3 domain. 11 Additional 
interactions were suggested to rely on the 
existence of a cryptic BH3 domain in the 
binding partners of Bcl-2 homologs. 28 Yet, 
this is not systematical and there clearly are 
additional binding interfaces at the surface 
of Bcl-2 proteins. Proteolytic cleavage of 
these proteins, their phosphorylation, and 
their interaction with the corresponding 
kinases involve a flexible loop that links 
their first helix (which contains the 
BH4 domain) to the rest of the protein 
(including its BH3 binding cleft and 
its C-terminal membrane anchor). The 
BH4 domain itself has been involved in 
numerous interactions. Bcl-2 binds to 
the central, modulatory domain of the 
IP3R via its BH4 domain to regulate its 
opening. This is not recapitulated by the 
BH4 domain of Bcl-xL, underscoring the 
structural differences between Bcl-2 and 
Bcl-xL for IP3R binding and regulation. 29 
BH4 domains were also involved in 
regulatory interactions with VDACs and 
Bax inhibitor 1 and are thus considered 
to play a role in the general effects of 
Bcl-2 proteins on calcium homeostasis." 
This BH4 domain is also involved in the 
interaction between Bcl-2 and Bcl-xL with 
FKBP38, c-MYC, and NFkB subunits 
and therefore may contribute to their 
ability to regulate transcriptional events 
(see below). 

Taken altogether, available data (that 
are impossible to list exhaustively here) 
indicate that numerous binding interfaces 
in Bcl-2 proteins allow them to regulate 
calcium dynamics, metabolic pathways, 
but also DNA repair 30 and synthesis, 31 
mitotic progression, 32 or response to 
proinflammatory stimuli (by negatively 
regulating NLRP1, a key component of 
the inflammasome required for caspase-1 
activation, via their flexible loop 33 ' 34 ). 

Implications 

The pleiotropic effects of Bcl-2 family 
members evoked above suggest that they 
would influence transcriptional programs 
exquisitely sensitive to intracellular 
calcium or ATP changes, or to protein 
modifications that Bcl-2 proteins regulate. 
Superimposed on this, Bcl-2 proteins 
may directly impact on transcriptional 
activities by impairing caspase-dependent 
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regulation of these transcriptional activities 
and/or by specifically interacting with 
upstream kinases and with transcription 
factors themselves. This is the case for the 
E2F-1, NFkB, and Myc pathways. Bcl-2 
homologs are connected by numerous, 
and tight, links to these pathways (see 
below) as a consequence of their non- 
canonical effects (on the regulation of 
sublethal caspase activity) and functions. 
This seems to us of particular importance, 
as they allow Bcl-2 proteins to exert 
feedback control on signals involved in 
cancer cell survival and growth. Of note, 
the functional relationship between p53 
and Bcl-2 proteins 35 does not seem to fall 
into the same category. p53 is a tumor 
suppressor activated by DNA damage 
conditions, redox, and oncogenic stress 
that functions both as a transcription 
factor and as a cytoplasmic protein. p53 
was reported to interact with Bcl-2 proteins 
at the mitochondria. Functionally, this 
interaction is understood to influence 
the canonical function of Bcl-2 proteins, 
but reversely, Bcl-2 proteins may interfere 
with the effects on bioenergetics and 
redox metabolism of cytoplasmic p53. 36 
Mitochondrial interactions may also 
contribute to sequester active p53 away 
from the nucleus 37 yet, and to the best of 
our knowledge, there is no firm evidence 
to date that Bcl-2 proteins regulate the 
transcriptional activity of p53 (and/or its 
ability to regulate necrotic cell death 38 ) as 
they regulate that of E2F-1, Myc or NFkB. 

Specific Regulation of 
Transcriptional Pathways 
by Bcl-2 Proteins 

Inhibition of E2F-1 activity 

E2F-1 belongs to the E2F family 
of transcription factors that play a key 
role in cell proliferation by inducing the 
transcription of genes crucially involved 
in the transition from G 0 /Gj phases into 
S phase and in S phase progression. 39 The 
transactivation of cell cycle genes by E2F-1 
is tightly regulated by the phosphorylation 
of the retinoblastoma protein pRb by 
the cyclin-dependant kinases (Cdks). 
Binding of the hypophosphorylated pRb 
to E2F1 inhibits its ability to induce the 
expression of cell cycle genes, while the 
phosphorylation of pRb by the Cdks 



releases E2F-1 that transcriptionally 
activate the corresponding promoters. 
E2F-1 differs from other E2F family 
members, as it also regulates apoptosis 
by directly inducing the expression of 
proapoptotic genes (e.g., caspases 3 and 7, 
some pro-apoptotic Bcl-2 family members, 
p73) 40 and by, adversely, favoring that of 
genes involved in anticancer drug resistance 
(ABC transporters, Bcl-2 itself) via a p73/ 
DNp73-miR-205 pathway. 41 In contrast 
to what happens with cell cycle related 
genes, pRb (whether it is phosphorylated 
or not) participates to a transcriptionally 
active complex with E2F-1 to regulate the 
expression of pro-apoptotic genes, and 
thus favors the expression of these genes 
together with E2F-1. 42 

The first link between the pRb/E2F-l 
pathway and Bcl-2 homologs was inferred 



from early reports of cell cycle effects of 
the latter proteins. 43,44 Cell cycle entry 
was found delayed in Bcl-2- and Bcl-xL- 
overexpressing cells, 45,46 while lack of Bcl-2 
in lymphocytes resulted in a shortened 
Gj phase. 47 Consistently, hematopoietic 
tumors overexpressing Bcl-2 were found 
to contain a high percentage of cells in a 
resting prolonged G 1 phase. The cell cycle 
function of Bcl-2 may be evolutionary 
conserved, as ectopic expression of the 
pro-survival Bcl-2 related protein Buffy in 
Drosophila similarly results in a Gj/early S 
phase arrest. 48 

There is no clear consensus about the 
mechanisms involved in the cell cycle 
effects of Bcl-2 homologs, and distinct 
mechanisms might intervene. Yet, they 
arguably converge toward the pRb/E2F-l 
pathway (Fig. 2A). Bcl-2 overexpression 
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Figure 2. Regulation by Bcl-2 homologs of cell cycle entry, MMR, and apoptosis through the pRb/ 
E2F1 pathway. (A) Bcl-2 homologs (Bcl-2 horn) dependent p27 upregulation inhibits Cdk2. Thus, 
they prevent pRb phosphorylation and the induction E2F-1 cell cycle targets, thereby delaying cell 
cycle progression. (B) Bcl-2 directly interacts with Cdk2 and inhibits it, causing increased levels of 
E2F-pRb complexes, and decrease in hMSH2 expression, thereby mediating suppression of MMR 
activity. (C) Inhibition of Bcl-2/Bcl-xL induces caspase cleavages of pRb that contributes with E2F-1 
to enhance the expression of Noxa, an inhbitor of Mcl-1. Asa result, inhibition of Mcl-1 is coupled to 
that of Bcl-2/Bcl-xL, providing a caspase amplificatory loop that enhances apoptosis. 
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was associated with a dephosphorylation 
of pRb 44 and a modification of the 
composition of E2F/pRb family protein 
complexes. 4 ' Mechanistically, Bcl-2 was 
shown to increase expression of the cyclin- 
dependent kinase inhibitor (CKI) p27, 47 
and it was shown neither to impact on the 
cell cycle progression of p27~'~ T cells, 50 
nor on that of p27~'~ mouse embryonic 
fibroblasts 51 (Fig. 2A). The modulation 
of cell cycle in Bcl-2-overexpressing 
fibroblasts was also reported to rely on the 
induction of the pl30 protein, in addition 
to that of p27, leading to the formation of 
repressive E2F4-pl30 complexes that may 
inhibit E2F1 50 (Fig. 2A). The mechanisms 
by which Bcl-2 and Bcl-xL lead to the 
induction of p27 and to pl30 still remain 
to be clarified. The negative regulation of 
NFAT by Bcl-2/Bcl-xL was suggested to 
play a role in the induction of p27 47 Other 
data have suggested that Bcl-2 and Bcl-xL 
might control p27 level by inducing 
indirectly its phosphorylation at SerlO 
promoting its stabilization. 52 

Bcl-2 may also impact on E2F-1 
activity by interacting directly with 
the catalytic subunit of Cdk2, leading 
to the inhibition of its activity, to the 
reduction of pRb phosphorylation and 
to the formation of inhibitory E2F1- 
pRb complexes (Fig. 2B). Under these 
conditions, the regulation of E2F-1 
activity by Bcl-2 (and Bcl-xL that also 
interacts with Cdk2) not only impacts 
cell cycle progression, but also impairs 
DNA mismatch repair (MMR) 53 (Fig. 2). 
The binding of E2F-1 on the hMSH2 
promoter was indeed described to be 
reduced in cells that overexpressed Bcl-2 or 
Bcl-xL, resulting to a decrease of hMSH2 
expression, a key actor of DNA mismatch 
repair. Thus, the inhibition of E2F-1 
transcriptional activity by Bcl-2/Bcl-xL 
via inhibition of Cdk2 may contribute 
to the inhibition of MMR pathways and 
increase genomic instability. Of note 
Bcl-xL was also reported to play a role in 
DNA damage induced G n checkpoint by 
directly interacting with Cdkl and locally 
inhibiting its activity in DNA damaged 
cells. 54 Inhibition of Cdkl by Bcl-xL 
has expected consequences on the Bcl-2 
network (and on cell death decisions), 
as Cdkl phosphorylates the BH3-only 
protein Bim. 55 



A point mutation in the BH4- 
domain of Bcl-2 at the residue tyrosine 
28 affects its effects on cell cycle and on 
MMR while sparing its anti-apoptotic 
function 53 ' 56 Thus, Bcl-2 and Bcl-xL may 
impact on E2F-1 activity independently 
from their role in cell survival. However, 
our recent data indicate that Bcl-2 and 
Bcl-xL also modulate E2F1 activity by 
negatively regulating caspase activity. 8 In 
glioblastoma and breast cancer cells that 
express pRb, we showed that inhibition 
of the BH3 binding activity of Bcl-2 and 
Bcl-xL by ABT-737 treatment induced 
the expression of Noxa, as had been 
reported previously in another study. 7 
We showed that this induction was Bax- 
and caspase-dependent, and that it relied 
on an increase of E2F-1 activity on the 
promoter of the PMAIP1 gene (encoding 
Noxa). pRb was cleaved by caspases upon 
ABT-737, giving rise to 2 truncated forms, 
p48Rb and p68Rb. Cleavages of pRb by 
caspase 3 and 7 were previously reported 
to trigger apoptosis but were thought to 
promote E2F-1 transcriptional activity 
by inducing the release of E2F-1 from 
pRb. 57 We found that, instead, p68Rb 
kept its ability to bind E2F-1 and was 
present in the chromatin fraction of 
ABT-737-treated cells. Moreover, caspase 
inhibition prevented the recruitment of 
pRb on the PMAIP1 promoter upon 
ABT-737 treatment, while ectopic 
expression of p68Rb was sufficient to 
induce Noxa, arguing for an active role of 
p68Rb in the E2F-1 dependent induction 
of Noxa by Bcl-2/Bcl-xL inhibition. 
Noxa promotes apoptosis by selectively 
inhibiting Mcl-1, and in cells that express 
Bcl-2, Bcl-xL and Mcl-1, inhibition of 
these 3 survival proteins is necessary for 
full blown apoptosis. This may account 
for the requirement for Noxa induction 
for efficient induction of cell death by 
ABT-737 in our studies (Fig. 2C). They 
imply that, via their caspase-dependent 
regulation of E2F-1 activity, 2 Bcl-2 
homologs (Bcl-2 and Bcl-xL) control the 
activity of a third one (Mcl-1), thereby 
reinforcing survival. Conversely, as the 
coordination between inhibition of Mcl-1 
and that of Bcl-2/Bcl-xL put forth by 
these studies is expected to render cells 
particularly sensitive to stress, it might 
increase the selective pressure to loose 



expression of pRb (which is a major actor 
of this coordination) in cancer cells and 
uncouple regulation of Mcl-1 activity 
from that of Bcl2/Bcl-xL. 

Equivocal regulation of NFkB 

NFkB was initially described as a major 
regulator both in adaptive and innate 
immunity systems 58 . Five proteins compose 
the NFkB subunit family in mammals: 
RELA (p65), RELB, REL (c-Rel) NFkBI 
(pl05 that is processed in active DNA- 
binding form, p50), and NFkB2 (plOO 
that is processed in active DNA-binding 
form, p52). NFkB commonly refers to a 
p50-RelA heterodimer, which is one of 
the most avidly forming dimers and is 
the major RcI/NFkB complex in most 
cells 59 (Fig. 3A). To ensure rapid NFkB 
activation, NFkB complexes exist as a pre- 
synthesized form, ready for activation yet 
sequestered in the cytoplasm by binding 
to inhibitors of NFkB proteins (IkBo:, 
IkB(3, and IkBs). The rapid and transient 
activation of NFkB is induced by the 
phosphorylation of IkBs, promoting 
their ubiquitylation and proteasome- 
mediated degradation with consequent 
NFkB nuclear localization and activation 
of transcriptional activity. 60 IKK(3 is 
largely responsible for signal-induced 
phosphorylation and the subsequent 
degradation of IkBo:, leading to the 
induction of the canonical pathway of 
p50-RELA complexes. 

NFkB exerts an anti-apoptotic effect, 
as it induces many anti-apoptotic genes, 
including some of the Bcl-2 family. 
Nuclear translocation of RELA/p65 is 
associated with increased expression of 
pro-survival Bcl-2 family members such 
as BCL2, BLC2L1, or BCL2A1. 61 There 
is evidence that Bcl-2 family proteins 
reversely regulate NFkB transcriptional 
activity by mediating caspase cleavage of 
NFkB, by modulating NFkB localization 
or of its regulators, or by favoring 
phosphorylation of NFkB regulators. 

Caspases activated downstream of Bcl-2 
homologs inhibition cannot only cleave 
pRb, but also numerous transcription 
factors, including the p65 and the p50 
subunits of NFkB. 62,63 Apoptosis of 
activated T cells in response to stimulation 
of CD95/Fas was associated with the 
repression of NFkB by caspase cleavage 
of these subunits. 62 p65 was also reported 
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to be cleaved by caspases in response to 
growth factor deprivation 63 . In that case, 
caspase cleavage gives rise to a truncated 
form that acts as a dominant-negative 
inhibitor, thereby constituting a feedback 
mechanism between caspase activation 
and NFkB inhibition that could amplify 
the pro-apoptotic effects of otherwise 
sublethal caspase activity. Moreover, IKKB 
and IkBo: can both be cleaved by caspases, 
and their cleavages lead to the inactivation 
of NFkB transcriptional activity (Fig. 3A). 
This process tips the balance toward death 
upon TNFa treatment (which induces 
both caspase activities and compensatory 
NFkB activation). 64 

The above data imply that Bcl-2 
homologs might contribute to maintain 
the survival activity NFkB exerts in cells 
treated with ligands of the TNFR family 
and/or upon growth factor deprivation 
(Fig. 3A) by regulating caspases. Bcl-2 
homologs may also favor constitutive 
NFkB activity independently from 
caspases (Fig. 3B). This has important 
consequences with respect to tumor 
progression, as NFkB is understood to 
influence proliferation, cell adhesion, and 
the cellular microenvironment under these 
conditions. 65,66 Bcl-xL overexpression was 
reported to contribute to the angiogenesis of 
glioblastoma and melanoma by impacting 
on NFkB DNA binding to the promoter 
of IL8 . 67,68 Likewise, Bcl-2 overexpression 
was reported to decrease the expression 
of IkBo:, enhancing NFKB-dependent 
expression of the metalloproteinanse 
MMP9 in human MCF-7 breast cancer 
cells and contributing to human breast 
cancer-cell metastatic potential. 69 Such 
regulation also occurs in primary human 
dermal microvascular endothelial cells 
(HDMEC), where Bcl-xL overexpression 
induces vascular endothelial growth factor 
(VEGF) secretion, through activation 
of MAPK, promoting CXCL1, and 
IL8 expression and that of Bcl-2. 70 The 
mechanisms involved remain elusive. 
Bcl-xL overexpression in glioblastoma 
cells was found to increase IkBo: 
phosphorylation. 68 The kinase involved 
was not identified, but the identification 
of an interaction between Bcl-2 and the 
Raf-1 kinase suggests a possible role of 
the Ras/Raf-l/ERK pathway. 71 Bcl-2- 
induced loss of IkBo: and increase of 



NFkB DNA binding was impaired by 
a kinase-defective Raf-1 and a kinase- 
defective MEKK1. 72 The deletion of the 
BH4 domain, by which Bcl-2 interacts 
with the Raf-1 kinase, abolishes the 
ability of Bcl-2 to induce degradation of 
IkBo:. 73 Altogether these data suggest 
that Bcl-2 homologs may signal the 
Raf-1 /MEKK pathway via its N-terminal 



BH4-domain activating IKKB, leading to 
the phosphorylation-induced degradation 
of IkBo: and thereby to the activation of 
NFkB. Further characterization of the 
molecular interactions between Bcl-2 
homologs and elements of the Ras/Raf-1/ 
ERK pathway, and investigations of 
their consequences on cellular signaling 
are required to understand how Bcl-2 
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Figure 3. Context-dependent regulation of NFkB activity by Bcl-2 homologs. (A) Bcl-2 homologs 
(Bcl-2 horn.) contribute to the survival of growth factor deprived cells and to that of cells stimulated 
by ligands of the TNFR family (such as FasL and TNFa) by inhibiting caspase cleavage of IKK(3, 
IkBo and NFkB subunits. (B) Bcl-2 homologs also favor constitutive NFkB signaling, by activating 
IKKp and/or promoting the phosphorylation-induced degradation of IkBck independenlty from 
caspases. This favors tumor progression as it results in the induction of pro-metastatic and pro- 
angiogenic genes. (C) In stressed cells, Bcl-2 homologs prevent the induction of pro-apoptotic and 
pro-senescence genes by NFkB activated by ROS, sublethal caspase activities and DNA damage. 
They do so by inhibiting these events, as revealed upon ABT-737 treatment, or by binding to NFkB 
subunits. See text for further details. 
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homologs favor NFkB signals in more 
detail. 

The relationship between Bcl-2 
homologs and NFkB is ambiguous. Indeed, 
NFkB promotes apoptosis or senescence 
in response to stress, 74 and under these 
conditions, Bcl-2 homologs might prevent 
its activity (Fig. 3C). Hour and colleagues 
reported that the overexpression of Bcl-2 
delays the degradation of IkBo: in the 
cytoplasm, affects the DNA-binding of 
NFkB and inhibits the expression of its 
downstream target c-Myc to prevent cell 
death in S-nitrosoglutathione treated 
cells. 75 In response to peroxidative 
damage, Bcl-2 was found associated 
with the inactive NFkB complex (p65, 
p50, IkBo:) in the cytoplasm and bound 
to the p50 subunit in the nuclei, even 
though the mechanism (s) involved in 
these interactions remain obscure. In 
the same line, high levels of Bcl-2 were 
reported to lead to its accumulation at the 
nuclear membrane and result in a decrease 
in the activity of several transcription 
factors, including NFkB. 26 This effect 
relied on the C-terminal end of Bcl-2, 
suggesting the involvement of subcellular 
membrane anchoring, but not on its 
BH4 domain. Finally, Bcl-2 may inhibit 
NFkB activation by sublethal caspase 
activity. Kraft and colleagues reported 
NFKB-dependent upregulation of the 
expression of the death receptor 5 (DR5) 
upon ABT-737 treatment (and thus 
sensitization to induction of apoptosis by 
its cognate ligand TRAIL) 76 by a process 
that involves induction of ROS. The same 
authors reported that activated NFkB 
contributed to modify the secretory 
phenotype of cancer cells undergoing 
caspase-induced senescence in response to 
ABT-737. 7 Several approaches have shown 
that NFkB is involved in the secretion 
of pro-inflammatory mediators and by 
cells undergoing senescence. 77,78 This 
senescence-associated secretory phenotype 
(SASP) can be deleterious or beneficial to 
the cell, as it can either enforce senescence 
and recruit immune cells to clear senescent 
cells, or instead promote malignancy by 
favoring cell proliferation, angiogenesis, 
epithelial-to-mesenchymal transition 
(EMT), and invasiveness. 79 This implies 
that inhibition of the canonical function of 
Bcl-2 homologs (as regulators of caspases) 



may exert detrimental effects when it fails 
to induce full blown apoptosis in cells that 
can escape from senescence. 

These last observations underscore the 
complexity of the functional interplay 
between Bcl-2 homologs and NFkB. 
While Bcl-2 homologs appear to prevent 
the deleterious effects of acute NFkB 
activation by oxidative and DNA damage, 
they enforce the beneficial effects of 
its chronic activation downstream of 
oncogenic signaling. We propose that 
the consequences might be particularly 
perverse regarding cancer cell survival 
and the establishment of a tumorogenic 
microenvironment. Since Bcl-2 and 
Bcl-xL can regulate NFkB transcriptional 
activity, and since NFkB activates BCL2 
and BCL2L1 promoters, Bcl-2 and Bcl-xL 
might regulate their own expression 
by a feedback loop that amplifies their 
pro-tumoral effects. Moreover, by 
non-canonical BH3 mimetic resistant 
mechanisms, Bcl-2 homologs may 
enhance NFKB-dependent induction of 
oncogenic soluble factors (Fig. 3B), which 
might be further enhanced by non-lethal 
treatment with BH3 mimetics (Fig. 3C). 
Enhancement of Myc activity 
Myc is a basic-helix-loop-helix-leucine 
zipper protein that, as a heterodimer with 
Max, binds preferentially to a palindromic 
E-box element CACGTG in DNA. 
Expression of Myc protein and mRNA 
(which are short-lived) are continuously 
dependent upon mitogenic signals in 
normal proliferating somatic cells. By 
contrast, Myc expression in cancer cells 
is typically deregulated and elevated, 
as a result of genomic amplifications or 
downstream of oncogenic signals that 
enhance the translation of its mRNA 
and/or stabilize the protein. Myc 
selectively enforces proliferation and 
dedifferentiation, but specific targets genes 
involved in these effects (and a specific 
Myc induced gene expression signature) 
have remained elusive, as Myc appears 
to act as a contingent amplifier of active 
transcriptional programs, modulating up 
to one-third of the transcriptome. The 
generally held notion is that cells sense 
differential Myc levels, and that high Myc 
in cancer cells contribute to oncogenesis 
by impacting on cell proliferation, but 
also on, non-exhaustively, metabolism, 



miRNA expression, angiogenesis, or 
inflammation. 

High Myc levels also promote 
apoptosis, 80 and this constitutes a build-in 
restraint to the propagation of cells with 
deregulated proliferation. 81 The exact 
mechanisms involved, which remain 
elusive, seem to rely on direct effects on 
the expression of Bcl-2 family members, 
and on indirect effects modulating 
their activity. In all cases, available data 
indicate that Myc promotes apoptosis by 
promoting MOMP. 82-85 This is understood 
to be the mechanistic basis for the strong 
oncogenic cooperation between c-Myc 
and Bcl-2, as Bcl-2 abrogates apoptotic 
cell death induced by c-Myc and thus 
favors the expansion of cells with high 
Myc levels. This mechanistic cooperation 
seems all the more efficient, as Bcl-2 
might not affect Myc mitogenic function, 
and as Myc might override the cell 
cycle-inhibitory effects exerted by Bcl-2 
homologs (discussed above). It should 
be noted, however, that in one study the 
ability of Bcl-2 and Bcl-xL to delay cell 
cycle was reported to result in inhibition 
of c-Myc activity due to an upregulation 
of p27, as shown for E2F1. 51 

While it is classically assumed that 
Bcl-2 homologs may simply block one 
consequence of Myc activation, the latter 
observation suggests that they may more 
directly impact on the activity of this 
transcription factor. Work by Deng and 
colleagues further support this notion. 
These authors, indeed, initially reported 
a direct binding of Bcl-2 to c-MYC 
in the nucleus, as well as on the outer 
mitochondrial membrane, of cells treated 
with Nitrosamine 4-(methylnitrosamine)- 
l4-(3-pyridyl)-l-butanone (NKK, the 
most potent carcinogen contained in 
cigarette smoke). 86 The BH4-domain of 
Bcl-2 was identified as essential for nuclear 
Bcl-2 to interact with c-Myc, as well as 
phosphorylation of Bcl-2 at the Ser70 in 
its flexible loop induced by NKK. 

Mechanistically, the binding of 
Bcl-2 to c-Myc was suggested to favor 
Myc transcriptional activity, and even 
though the nuclear events involved 
remain particularly obscure, it is striking 
to mention that downregulation of 
endogenous Bcl-2 was shown to decrease 
constitutive Myc activity. 86 In the context 
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of NKK-treated cells, more specifically 
studied by Deng and colleagues, this 
leads to a decrease in DNA repair 
and might thus contribute to genetic 
instability. Whether or not Bcl-2 and its 
homologs generally influence other Myc- 
induced effects by its interaction with 
this transcription factor, or as a result 
of its effects on cellular homeostasis, 
remains to be validated by more studies. 
Importantly, the implication of Bcl-2 in 
vascular smooth muscle cells migration 
and invasion was also ascribed to its 
ability to interact (in a phosphorylation- 
dependent manner) with c-Myc and to its 
regulation of the expression of a c-Myc 
target, the metalloproteinase gene (mmp- 
2). 87 The fact that Bcl-2 homologs may 
favor the transcription of pro-apoptotic 
genes by Myc remains, to date, theoretical, 
but it might contribute to the addiction of 
cancer cells to these proteins. 

Concluding Remarks 

Compared with the numerous studies 
that mechanistically investigate the 
regulation of MOMP by the BH3 binding 
activities of Bcl-2 homologs and that 
validate these BH3 binding activities as 
critical targets in cancer therapy (see ref. 2 
for a review), studies of additional effects 
exerted by these proteins in the context of 
cancer appear to be underrepresented. 

There is, however, accumulating 
evidence that Bcl-2 homologs modulate 
many more biological processes due to 
their ability to inhibit non-apoptotic 
functions of caspases, their multiple 
distinct subcellular localizations, and 
the diversity of their interactome. This 
underscores the complexity of the effects of 
Bcl-2 proteins on the survival, expansion, 
and therapeutic response of cancer cells. 
By mechanistically interfering with the 
processes herein described, Bcl-2 proteins 
should indeed regulate cell survival 
beyond the sole blocking of MOMP and 
of apoptosis stricto sensu, shaping the 
cell's responses to insults by fine-tuning 
of ion exchanges, energy production, or 
DNA repair, and influencing (at least 
theoretically) the immune response to 
therapy-induced cell death by regulating 
the inflammasomes 88 . Moreover, by their 
functional interplay with the E2F-1, 



NFkB, and Myc transcription factors, 
Bcl-2 homologs might favor genomic 
instability and enforce survival (in part 
by initiating autoregulatory loops) in 
cancer cells and favor a pro-tumoral 
microenvironment by modifying their 
secretome. Such a role for Bcl-2 homologs, 
as rulers of survival signaling, implies that 
small molecules compounds currently 
used in the clinic to inhibit their activity 
at the mitochondria may be insufficiently 
well designed, and/or that the effects of 
these inhibitors may be insufficiently well 
circumscribed. 
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